We have prepared films of polymethyl .methacrylate in which fullerenes (a mixture of C,, and C,,) are uniformly embedded. By performing both degenerate four-wave mixing experiments and h-radiance-dependent transmission measurements with nanosecond laser pulses of 608nm wavelength, the third-order nonlinear optical susceptibility of these films is determined to be of the order of 10-l' esu. This susceptibility is dominated by its imaginary part. Excited-state absorption is the main mechanism responsible for the observed nonlinear susceptibility.
I. INTRODUCTION
Over the last decade the third-order nonlinear optical susceptibility x (3) of materials has been the subject of extensive experimental investigations. ' This interest in xt3' has been stimulated by its importance in nonlinear optical devices. ' Since the successful synthesis of macroscopic quantities of Cho and C7, clusters (fullerenes),3 this new class of materials has also received such attention. Because Ceo molecules possess highly delocalized electrons, one may expect significant nonlinear optical response of fullerenes. Indeed, there has been a number of reports on the ;yc3) measurements in both solutions and crystalline forms of Ceo by using various techniques including degenerate four-wave mixing, third-harmonic generation, and electric field-induced second-harmonic generation (EFISH) .'r-g All these experimental studies have been concentrated in the infrared spectral region (0.52-1.18 eV). Both experimenta17-' and theoreticalic-I2 results show that the magnitude for off-resonant xc3' in Cso films is of the order of lo-l2 esu.
Recently, the on-resonant optical nonlinearities of C6a have also been investigated. In their theoretical work, Harigaya and co-workers" have employed a tight-binding model to calculate the dispersion of xc3) (3w;w,w,w). They predicted a large x (3) value of 10-l' esu at photon energies around 2.03 eV due to the double resonance enhancement (the three-photon absorption resonance at a 6.1-eV energy level of dipole allowed excitations and the two-photon absorption resonance at another 4.06-eV energy level of dipole forbidden, two-photon allowed excitations). Experimentally, on the other hand, Henari et al. I3 have evaluated excited-state absorption cross sections by measuring intensity-dependent absorption in CGo solutions. These cross sections have been used to calculate the imaginary part of the third-order nonlinear susceptibility at photon energies ranging from 2.13 to 2.82 eV. So far, the theoretically predicted nonlinearity of Cso at 2.03 eV has not been experimentally verified. In addition, it is desirable to examine the nonlinear optical response of fullerenes as guest in a guest-host structure. The photoconductive and photorefractive properties in Cho-doped polymers have been observed. 14*15
In this paper we report an experimental investigation into both the preparation of films of polymethyl methacrylate (PMMA) doped with fullerenes (a mixture of Cd0 and C,,) and the observation of resonant xc3' at a wavelength of 608 nm (2.03 eV). By a simple method, we have prepared high-quality PMMA films in which fullerenes are uniformly embedded. Magnitudes of the third-order nonlinear susceptibility and its imaginary part are determined by performing both nanosecond degenerate four-wave mixing and irradiance-dependent transmission measurements. The measurements are compared with Harigaya's theory. The mechanisms responsible for the observed large 1~'~' 1 are discussed. To our knowledge, this is the first report of such measurements in a guest-host structure of fullerenes. Our investigation of this guest-host system suggests an alternative form of Ceo for further optical studies and applications.
II. EXPERlMENT

A. Preparation of fullerene/PMMA films
The fullerene/PMMA films used in our investigation are prepared by the following procedures. Fullerenes were extracted from carbon soot by using .high pressure liquid chromatography (HPLC) grade toluene solvent. Characterization by using NMR, IR, and fast atom bombardment (FAB) mass spectroscopic methods showed that the fullerenes contain about 80% CGo and 20% C70. Both PMMA and the fullerenes were dissolved in the same toluene solvent and cast on glass. After the films were dried in vacuum at 120 "C for over 10 h, they were taken off the glass. The film thickness is varied from 10 to 100 pm. The films are optically uniform and air stable for at least four months. The absorption spectra of the fullerene/PMMA films between 420 and 700 nm show a series of closely overlapping peaks with a first peak near 600 nm and a maximum at 470 nm, which agrees with the published result.3 We have prepared several samples with various concentrations of CGo, and their absorption coefficients at 608 nm have been measured. Figure 1 shows that the absorption of the films depends linearly on the Cso concentration as predicted by the Lambert-Beer law.
Degenerate four-wave mixing
Degenerate four-wave mixing (DFWM) is an nonlinear optical process in which one may derive the third-order nonlinear optical susceptibility. Our DFWM experimental setup is shown schematically in Fig. 2 . The 6-ns laser pulses were provided by a frequency-doubled Nd:YAGpumped dye laser system and were spatially filtered. The wavelength of the laser pulses was 608 nm, which is close to the predicted double resonance energy. Two mirrors and two beam splitters were used to construct a backward degenerate four-wave mixing geometry. The focusing mirror (f= 100 cm) focused the incident laser beam onto the sample, providing the forward pump beam. Part of the forward pump beam was transmitted through the sample and reflected by the flat mirror to become the backward pump beam. The probe beam was provided by the reflec- tions at the two beam splitters. The spot sizes (diameters) of the pump beams and the probe beam were 240 and 200 pm, respectively.
Under the undepleted pumps approximation,i6 the irradiance of the phase-conjugate beam in an absorptive sample is given by Ic,=e-"OL(
1 -e-+)2 I,Idp,
where (w. is the linear absorption coetlicient, L the thickness of the sample, o the angular frequency of light, n the refractive index, c the speed of light in vacuum, e. the permittivity of free space, If and 1, the irradiances of the forward pump beam and the probe beam inside the sample at the front surface, respectively, and lb the irradiance of the backward pump beam inside the sample at the back surface. Both the energy of the incident pulse and the energy of the phase-conjugate pulse outside the sample were monitored simultaneously by two photodetectors (Rj-735 and Rj-765 energy probes from Laser Precision Corp.) that were linked up with a microcomputer by an IEEE interface.
The repetition rate of the pulses was set at 2.5 Hz when the data were taken. Different repetition rates were used, and within the limits of experimental error no significant difference was observed, thus indicating that no long-lived thermal effects occur. We directly measured all the parameters in Eq. ( 1) and then evaluated the third-order susceptibility. As a reference, we also measured the third-order susceptibility of CS, under identical experimental conditions and obtained a value of 2.0~ lo-l2 esu, which is in good agreement with the reported value at 532 nm.i7 C. Irradiance-dependent transmission measurement
The third-order nonlinear susceptibility consists of both a real and an imaginary component. The imaginary part accounts for nonlinear absorption (such as twophoton absorption), whereas the real part constitutes a change in refraction. In order to distinguish the contributions of the two components in the observed [xc3) 1; we conducted measurements of irradiance-dependent energy transmittance on the films. The incident laser pulses were provided by the same laser system with a spot diameter of 200 pm. Both the incident pulse energy and the transmitted pulse energy were recorded simultaneously by the photodetectors. Experimental measurements of the reciprocal energy transmittance (l/T) versus the peak irradiance of the incident pulse (I,) indicate that, in our investigated irradiance region, the nonlinear absorption coefficient of the films may be defined as I a=ao+aJ (2) For the nonlinear transmission caused by the above nonlinear absorption, the reciprocal transmittance is given by" where R is the reflectance of the surfaces of the films and can be evaluated by the Fresnel formula (R=[(n-l)/(n+l)12).
By fitting Eq. (3) into the experimental measurements, we obtain values for a2. The imaginary part of the nonlinear susceptibility Im(X'3') can be calculated from a2 by using the following definition19 9 y 10' e0,n2c2a Im(Xc3))= ' 4 ~~ 2,
where Im(X'3') is expressed in units of esu and all the other parameters are in MKS units.
III. RESULTS AND DISCUSSION
Typical experimental data for the free-standing fullerene/PMMA films are displayed in Figs. 3, 4 , and 5. Figure 3 shows a plot of the phase-conjugate signal versus the incident irradiance, which clearly indicates a cubic dependence. This confirms that the measured signal originates from a third-order nonlinear susceptibility. By using Eq. ( 1) and taking n = 1.49 for the refractive index of the films,20 we obtain the ] xt3) ] values for films of different Cd0 concentrations. Figure 4 displays these ] xc3) ] values as a function of Cho concentration, which clearly shows a linear dependence of I xc3) { on Ceo concentration. Experimental errors arise mainly from uncertainties in the irradiance calibrations. From Fig. 4 , we determine the magnitude of the hyperpolarizability of a CGo molecule to be (2.5AO.5) X lo-" esu by assuming a Lorentz local field factor of 4. Figure 5 illustrates a linear dependence of the reciprocal transmittance on the irradiance. This linear dependence confirms that the observed nonlinear absorption behaviors similarly to two-photon absorption. By using Eq. (3), the a2 values are evaluated and the imaginary parts of the third-order susceptibilities are then calculated. These of about 2.03 eV, owing to the double resonance enhancement. From their result, we estimate the hyperpolarizability to be of the order of 10w3' esu, which accounts for only about 10% of our experimental finding. The discrepancy may be explained by another mechanism-excited-state absorption, which has been found to be responsible for the optical limiting performance2' and the irradiance-dependent nonlinear transmission13 in fullerene solutions. Laser radiation excites C, molecules from the ground state to the excited singlet state Si. Some of the molecules in the excited singlet state relax rapidly to the lowest triplet state T1. Since the lifetime of the triplet state T1 is 40 ps, this state acts as an accumulation level. Excited-state absorption occurs between the triplet state T, and the higher excited triplet state. By considering the above mechanism, the total absorption coefficient is then given by a=ao+fZ+aN, (5) where p is the two-photon absorption coefficient, c is the absorption cross section of the triplet state T1, and N is the population of the excited molecules in the triplet state Tt . As the lifetime (7) of the excited singlet state13 is much shorter than our pulse duration, the population of the excited molecules is approximately in a quasi steady state with N given by vad N=T,
where 7 is the intersystem crossing quantum yield. The total absorption coefficient can be rewritten as a=ao+a21,
where the nonlinear absorption coefficient a2 is equal to P+ (vcWh). By taking r= 600 ps, 7 =O.S, and an extrapolated value of 2X 10-i' cm2 for the excited-state absorption cross section,13 we estimate the hyperpolarizability to be 5X 10m3' esu, which is close to our measured result.
IV. CONCLUSION
In conclusion, we have prepared high-quality films of fullerene/PMMA by a simple technique. By performing the DFWM experiment and measuring irradiancedependent transmission, we have determined the thirdorder nonlinear susceptibility of the films to be of the order of 10-l' esu, and it is dominated by its imaginary part. By comparing with the tight-binding theory and the excitedstate absorption model, the observed nonlinear susceptibility is found to be mainly caused by excited-state absorption.
